Type A influenza viruses (avian influenza viruses [AIVs]) pose a threat to both avian and animal populations because of their capacity to initiate epornitics, to mutate from low to high pathogenicity in poultry, and to be transmitted as strains with the potential to initiate pandemics (13, 16, 19, 24, 33, 53, 58, 59) . The challenge is to understand how this orthomyxovirus, with its eight gene segments (22) , each independently transcribed (1) , is genetically constituted to generate AIVs that express extremes for both virulence and host specificity (14, 17, 19, 39, 48, 52) and what means can be used to reduce or prevent the acquisition of a high-pathogenicity (HP) phenotype from a low-pathogenicity (LP) progenitor with its propensity to jump the species barrier to a new host. It is clear that sufficient free circulation of H5 and H7 low-pathogenic avian influenza virus (LP-AIV) often leads to mutational changes that result in the appearance of highly pathogenic avian influenza virus (HPAI) (23) . Although the probability of generating HP strains from LP strains of AIV during a single replication cycle is intrinsically low, the probability of occurrence increases when the number of cycles is repeated as the virus spreads through the high density of chickens that characterize commercial poultry populations. In this context, there are some 9 billion chickens produced annually in the United States alone (www.ers.usda.gov/News/broilercoverage.htm), with worldwide poultry production estimated at over 30 billion birds. Poultry can serve as important intermediate hosts to generate HPAI with the potential to initiate pandemics.
Clearly, mutations or insertions at the cleavage site in the hemagglutinin (HA) gene increase the range of cellular proteases that make a virus infectious and thus enlarge the range of susceptible tissues in the host; however, the cleavage site is not the only factor that affects the virulence of AIV (22) . It is apparent that other AIV genes contribute to the severity of the HP phenotype, including those that encode the polymerase (12, 14, 17, 27, 57) and receptor specificity (33) . Another gene, the nonstructural (NS) gene, and one of its products, NS1, enhances AIV pathogenicity by preventing the induction and/or production of interferon (IFN), an early step in the innate defense of the host against the virus (7, 9, 12, 27, 58, 60) . By blocking IFN induction and/or production, NS1 effectively prevents the activation of the IFN action pathway and the development of an antiviral state to which AIV is intrinsically sensitive (41, 43, 45) . Alterations in NS1, including single amino acid changes, truncations, or deletions, often produce populations of AIV that replicate poorly in cells that are com-petent for producing IFN (7, 8, 60) , grow to low titers in animals, express marked reductions in pathogenesis, and are attenuated (7, 9, 49) . These altered phenotypes in mammals correlate with the enhanced IFN-inducing capacity of the virus and its presumed activation of an IFN-mediated antiviral state (7, 9, 25, 49) . Alterations of the NS1 protein, a D92E change, also confer resistance to the antiviral effects of IFN-␣ and other cytokines in a pig lung cell line and exacerbate pathogenesis in pigs (48) . However, this same virus is sensitive to IFN action in primary chicken embryonic cells (47a) . This report compares for the first time the pathogenesis in chickens that results from infection with two genetically related avian influenza viruses that differ 20-fold in their IFN-inducing capacity. The original A/turkey/Oregon/71 (TK/OR/71) (H7N3) is a field isolate of an AIV that caused mild disease signs in turkeys and about 0.5% mortality (4) . When chickens were experimentally inoculated with this virus, no disease signs were observed (3, 4) . The initial genetic characterization of TK/ OR/71 was carried out on a stock that had undergone multiple egg passages. Analysis of the NS segment revealed a 10-nucleotide deletion in the coding region of NS1. This virus is referred to herein as TK/OR/71-delNS1 (37) . This deletion results in a frameshift mutation that produces a truncated NS1 protein of 124 amino acids (Fig. 1) ; the NS2 protein is unaffected (38) . Subsequent sequence analysis of the NS1 gene from a previous low-passage stock of TK/OR/71 revealed an isolate that encoded a full-length NS1 gene. This virus is referred to herein as TK/OR/71-SEPRL (51). This study compares the characteristics of these two genetically related variants in chickens and in cell culture.
The study of AIV pathogenesis by these two variants that differ in their IFN-inducing capacities but not in their sensitivities to IFN action, as is demonstrated here, gains added importance from previous reports that showed an amelioration of clinical signs in chickens that were administered recombinant chicken alpha interferon (rChIFN-␣) continuously in drinking water and challenged with avian viruses causing Newcastle disease (31, 35) , infectious bronchitis (40) , and infectious bursal disease (35) .
(This work was presented in part at the 25th Annual Meeting of the American Society for Virology in Madison, WI, 15 to 19 July 2006 [47a] .)
MATERIALS AND METHODS
Viruses and cells. TK/OR/71-SEPRL (H7N3) encodes a full-length NS1 gene (51) , whereas TK/OR/71-delNS1 (H7N3) (kindly provided by Peter Palese, Mount Sinai School of Medicine, NY) encodes a truncated NS1 protein (37) . Viruses were propagated by passage in specific-pathogen-free (SPF) 10-day-old embryonating chicken eggs. These virus stocks were aliquoted and stored at Ϫ70°C. Primary chicken embryo cells (CEC) were prepared from 9-to 10-dayold embryos, and chicken embryo kidney (CEK) cells were prepared from 18-day-old embryos. Both were obtained as cell suspensions from SPF eggs (Charles River SPAFAS, Inc., North Franklin, CT).
Molecular cloning, PCR amplification, and sequencing of viral isolates. The complete coding sequences of all eight gene segments were determined for both TK/OR/71-SEPRL and TK/OR/71-delNS1 using methods described previously (5) . Briefly, reverse transcriptase PCRs (RT-PCRs) were performed on RNA isolated from TK/OR/71-SEPRL or TK/OR/71-delNS1 stocks. The matrix (M), nucleoprotein (NP), hemagglutinin, and neuraminidase (NA) genes were cloned and sequenced. The NS gene segment was cloned and sequenced previously (51) . The three polymerase genes were each amplified in three overlapping pieces, and the PCR products were sequenced directly. All plasmids and PCR products were sequenced using a PRISM Ready Reaction Dye Deoxy Terminator cycle sequencing kit (Perkin-Elmer) and run on an ABI 3700 automated sequencer (Perkin-Elmer).
Sequence analysis. DNASTAR (Madison, WI) software was used to create sequence contigs, multiple sequence alignments, and percent sequence identities of the gene segments from TK/OR/71-SEPRL and TK/OR/71-delNS1.
Animal experiments. The standard Office International des Epizooties World Organization for Animal Health pathotyping test was employed by using 4-weekold SPF Plymouth White Rock chickens (39) . Briefly, eight birds were intravenously inoculated with a 10-fold dilution of either TK/OR/71-SEPRL or TK/OR/ 71-delNS1. Birds were monitored 10 days for death. If 75% or more of the birds died, the virus was considered to be highly pathogenic. If less than 75% of the birds died, the virus was considered to be low pathogenic.
Additionally, 4-week-old SPF Plymouth White Rock chickens were inoculated with 10 7 50% embryo lethal doses (ELD 50 ) of either TK/OR/71-SEPRL or TK/OR/71-delNS1 via the intrachoanal cleft route. Eight birds per virus were sacrificed at both 3 and 6 days postinfection (dpi), and tissues were taken for evaluation by histopathology and immunohistochemistry. Tissues included brain, bursa, thyroid, thymus, lung, kidney with adrenal gland, gonad, heart, liver, spleen, pancreas with duodenum/jejunum, cecal tonsil, upper and lower trachea, nasal cavity, and sinus. Oral and cloacal swabs were obtained from the birds at 3 and 6 dpi and stored at Ϫ70°C in sterile brain heart infusion broth containing 100 U/ml penicillin G, 2 g/ml amphotericin B, and 20 g/ml gentamicin. SPF 10-day-old embryonated chicken eggs were inoculated with swab fluid to screen for the presence of virus.
TK/OR/71-SEPRL and TK/OR/71-delNS1 were evaluated using 4-week-old SPF Plymouth White Rock chickens for their ability to transmit virus to uninoculated cage mates. Four birds were each inoculated with 10 7 ELD 50 of one of the two viruses by the intrachoanal cleft route. At 1 dpi, four uninoculated birds were placed into cages with the respective virus-inoculated birds. Blood was drawn from the wing vein of all birds at 7, 14, 21, and 28 dpi, and seroconversion was monitored by hemagglutinin inhibition (HI) assay. Oral and cloacal swabs were obtained from all birds beginning at 3 dpi and continuing every 3 days until the end of the experiment. Virus was detected as described above. Two experimentally inoculated birds per cage were euthanized at 14 dpi after blood was drawn to prevent overcrowding. The remaining chickens were euthanized at 28 dpi after blood was drawn.
One-day-old SPF Plymouth White Rock chicks were inoculated intravenously or by intrachoanal cleft with 10 7 ELD 50 of either TK/OR/71-SEPRL or TK/OR/ 71-delNS1. Chicks were monitored daily for clinical signs of disease and death. Moribund chicks were euthanized with sodium pentobarbital. To prevent bias, three chicks per group were tagged prior to inoculation and euthanized at 3 dpi. Tissues from tagged chicks that died prior to 3 dpi were taken on the day of death for evaluation by histopathology and immunohistochemistry and included nasal cavity, trachea, lung, kidney, and brain. One kidney and one lung were obtained aseptically for virus isolation. The mean death time was calculated by adding the day of death postinoculation for each chick divided by the total number of chicks that died. Lungs and kidneys from the 1-day-old chicks were transferred to tubes containing brain heart infusion broth with 100 U/ml penicillin G, 2 g/ml amphotericin B, and 20 g/ml gentamicin. The weight of the organ was determined, and the organs were ground mechanically using an aseptic technique. Ten-day-old SPF embryonated chicken eggs were inoculated with the organ solutions and monitored for death. The ELD 50 for each positive sample was then determined with 10-day-old-embryonated eggs, and the ELD 50 /gram of tissue was calculated.
All animals were housed in Horsfal-Bauer stainless steel isolation units ventilated under negative pressure with HEPA-filtered air in biosafety level 3 agriculture facilities. Animal care was provided as required by the Institutional Animal Care and Use Committee based on the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (1a) Food and water were provided ad libitum.
Histopathology and immunohistochemistry. Tissues were fixed in 10% neutral buffered formalin solution, sectioned, and stained with hematoxylin and eosin. Duplicate sections were stained immunohistochemically to determine influenza viral antigen distribution in individual tissues. A monoclonal antibody against influenza virus A nucleoprotein (P13C11) (5), developed in our laboratory, was used as the primary antibody in a streptavidin-biotin-alkaline phosphatase complex immunohistochemical method as previously described (52) .
IFN action: virus plaque reduction assays. The sensitivities of the low-and high-IFN-inducing strains of TK/OR/71 to interferon action were determined by both a yield reduction assay on primary CEC that required trypsin to propagate the virus and a plaque reduction (50% plaque reduction) assay on primary CEK cells prepared from 18-day-old embryos (Charles River SPAFAS, Storrs, CT) (47) . In the latter case, confluent cell monolayers were established and treated overnight with rChIFN-␣ in terms of effective vesicular stomatitis virus (VSV) 50% plaque reduction units/ml. CEK cells did not require trypsin in the agarose overlay during plaque formation, nor did they produce significant amounts of IFN upon infection with a strong inducer. This meant that the survival curves of AIV plaque-forming particles (PFP) were generated as a function of IFN dose under conditions where only the exogenously added rChIFN-␣ contributed to the antiviral state developed during the assay. This is particularly important when the sensitivities of two closely related viruses that differ significantly in their IFN-inducing capacities are compared. VSV Indiana is sensitive to rChIFN-␣ and was used as a standard to determine the effective dose of IFN (45) .
Nucleotide sequence accession numbers. The nucleotide sequences reported in this paper were deposited in the GenBank database under accession numbers DQ870885 to DQ870898. The NS1 and matrix sequences for TK/OR/71-SEPRL were previously reported to GenBank under accession numbers U96740 and M16623.
RESULTS
Sequence analysis of TK/OR/71-SEPRL and TK/OR/71-delNS1. Table 1 provides a complete sequence analysis of the genomes of both AIV variants used in this study. The data were generated by PCR amplifying, cloning, and sequencing the HA, NA, NP, M, and NS genes and by directly sequencing the PCR products produced by amplifying the polymerase genes (PA, PB1, and PB2). These data show that in addition to the differences already noted in the NS1 genes of these two variants of TK/OR/71, there are also differences in the nucleotide sequences that result in amino acid changes in the HA, NP, and M genes. There are two amino acid changes each predicted in the HA and M1 proteins and one amino acid change in the NP protein (Table 1) . These five changes are point mutations and are likely a reflection of the quasispecies nature of AIV and other RNA viruses. Since the two variants are equally sensitive to the action of IFN (see Fig. 4 ), these amino acids changes do not affect the IFN action pathways. However, the variant with the large deletion in the NS1 gene induces 20 times more IFN than the variant with the intact NS1 gene, in keeping with the enhancement of the IFN-inducing capacity that has been shown to accompany mutations or deletions in the NS1 gene (7, 27, 60) . Thus, the phenotypic differences observed between these viruses in the experiments described herein are most likely related to genotypic differences in the NS1 gene. Figure 1 represents a schematic drawing of the NS1 protein produced by TK/OR/71-SEPRL (A) and TK/OR/71-delNS1 (B), its truncated counterpart. Important binding and functional sites and nuclear transport signals that have been mapped (42) are shown on the diagram. The NS1 protein of TK/OR/71-delNS1 consists of amino acids 1 to 124. The fulllength NS1 encoded by TK/OR/71-SEPRL contains signals for nuclear localization and nuclear export in an effector domain at the C terminus (42) .
Reduction in virus shedding from TK/OR/71-delNS1-infected chickens. Both TK/OR/71-SEPRL and TK/OR/71-delNS1 were determined to be LP-AIVs using the standard Office International des Epizooties pathotyping test (39) . When 4-week-old chickens were inoculated intravenously with 10 7 ELD 50 of TK/OR/71-SEPRL, one out of eight birds died by 10 days postinfection, and none of the TK/OR/71-delNS1-infected birds died (0/8 birds). The pathogenesis of TK/OR/ 71-SEPRL and TK/OR/71-delNS1 was then evaluated using 4-week-old chickens to determine if the enhanced IFN-inducing capacity of TK/OR/71-delNS1 as measured in vitro affected the pathogenesis of the virus as determined in vivo. When chickens were inoculated in the intrachoanal cleft with 10 7 ELD 50 of either the low-or high-IFN-inducing strains, no birds from either group exhibited clinical signs of disease. However, the number of birds shedding virus in oral and cloacal samples 3 and 6 dpi was reduced for birds inoculated with TK/OR/71-delNS1 compared to those inoculated with TK/OR/71-SEPRL ( Table 2) .
Comparison of lesions and influenza virus antigen produced in 4-week-old chickens infected with TK/OR/71-SEPRL or TK/ OR/712-delNS1. (37) .
c The NS1 proteins of TK/OR/71-SEPRL and TK/OR/71-delNS1 are identical until the nucleotide deletion in the latter variant introduced a frameshift mutation. The NS1 protein is truncated after 124 amino acids; thus, the number of differences was not determined.
71-delNS1 strains produced moderate lymphocytic rhinitis and sinusitis and hyperplasia of bronchus-associated lymphoid tissue, but the nasal epithelium of TK/OR/71-SEPRL-infected chickens had more severe necrosis and more consistent demonstration of AIV nucleoprotein. On 6 dpi, the TK/OR/71-SEPRL group had moderate lymphocytic rhinitis and sinusitis and mild tracheitis, while chickens given TK/OR/71-delNS1 had only minimal lesions within the upper respiratory tract.
TK/OR/71-SEPRL is virulent in 1-day-old chicks. Since 1-day-old chicks display clinical signs when infected with avian influenza viruses more often than adult birds, they were inoculated by intrachoanal cleft or intravenously with TK/OR/71-SEPRL or TK/OR/71-del to compare clinical disease signs. This would determine whether the regulation of the IFN-inducing capacity of the variants by the NS1 protein was reflected by differences in virulence in vivo. Table 3 shows the avirulence of TK/OR/71-SEPRL or TK/OR/71-delNS1 inoculated into chicks by the intrachoanal cleft route: one of eight and zero of eight birds died, respectively. However, there was a marked difference in virulence when the birds were inoculated intravenously with either of the two variants: seven of eight birds inoculated intravenously with TK/OR/71-SEPRL died, while only one of seven birds inoculated with TK/OR/71-delNS1 died. The mean death time for birds intravenously inoculated with TK/OR/71-SEPRL was 3.4 days.
A lung and a kidney were removed aseptically from the chicks that were evaluated in the pathology experiment described above at 3 dpi for virus isolation. Table 4 shows that all lungs and kidneys tested from birds inoculated with TK/OR/ 71-delNS1 were negative for virus regardless of the route of infection. These organs were negative for virus when chicks inoculated with TK/OR/71-SEPRL via the intrachoanal route were tested. In contrast, all lungs and kidneys from chicks inoculated intravenously with TK/OR/71-SEPRL were positive for virus and contained high titers of virus. The lungs averaged 2.6 ϫ 10 6 ELD 50 /g of tissue, whereas the titer in kidneys was about 500-fold higher (1.3 ϫ 10 9 ELD 50 /g). Evidence of virus in the kidney indicates a systemic infection of 4-day-old chicks by TK/OR/71-SEPRL, the weak inducer of IFN, but not by TK/OR/71-delNS1, the strong inducer of IFN. In this context, monolayers of CEK cells prepared from 18-day-old embryos produced low levels of IFN when infected with TK/OR/71-delNS1 (Fig. 3, bottom curve) , which otherwise functions as a good inducer of IFN on chicken whole embryonic cells aged in vitro to allow the development of the IFN system (Fig. 3, top curve) (44) . CEK cells support plaque formation of these two AIV variants in the absence of trypsin in the overlay, indicating that CEK cells contain a protease capable of activating the fusion peptide of AIV that is necessary for its cell-to-cell spread during plaque formation (18, 22) . Monolayers prepared from 10-day-old CEC require trypsin in the overlay to sustain plaque formation by these two variants and thus presumably do not express this protease. Stocks of both variants of TK/OR/71 were egg derived and hence contained activated fusion peptides that allowed the inoculum virus entry into the cell (18, 22, 27) . These conditions show that both variants replicate well in kidney cells where IFN induction is compromised and where protease presumably can activate the fusion peptide. However, the capacity of TK/OR/71-SEPRL to suppress IFN induction as measured in vitro (27) provides an additional replication advantage by further downregulating IFN production. This situation is thought to account for the high titers of TK/OR/71-SEPRL observed in the kidney tissue of birds (Table 4) .
Severe lesions and abundant avian influenza virus antigen in TK/OR/71-SEPRL-infected 1-day-old chicks. In 1-day-old chicks infected by the intrachoanal cleft route, TK/OR/71-SEPRL and TK/OR/71-delNS1 produced inflammatory lesions in the upper respiratory tract similar to those described above for the 4-week-old challenged birds. The necrosis of the respiratory epithelium was more frequent and more severe in chicks inoculated with TK/OR/71-SEPRL. In contrast, 1-day-old chicks inoculated intravenously with TK/OR/71-SEPRL produced moderate to severe multifocal necrosis in kidney tubules (Fig. 2e) , mild to severe heterophilic interstitial pneumonia and edema, and severe necrosis of nasal gland epithelium (data not shown). Figure 2f shows abundant levels of nucleoprotein in necrotic cells of tissues from TK/OR/71-SEPRL-infected chicks. In contrast, chicks inoculated with TK/OR/71-delNS1 developed only minimal nephritis with the sporadic appearance of avian influenza virus nucleoprotein.
TK/OR/71-delNS1 does not transmit efficiently from infected chickens to uninoculated cage mates. Both TK/OR/71-SEPRL and TK/OR/71-delNS1 were compared for their ability to spread naturally from experimentally infected chickens to contact control birds. Hemagglutination inhibition assays were used to measure the levels of serum antibody titers for all birds in the study and showed that all birds inoculated with either TK/OR/71-SEPRL or TK/OR/71-delNS1 seroconverted (HI titer of Ն8) ( Table 5 ). Birds that were infected with TK/OR/ 71-SEPRL had higher HI titers than those infected with TK/ OR/71-del. Although this difference was not statistically significantly (P ϭ 0.06), it may be biologically relevant. When sera from uninoculated cage mates were tested, all birds housed with the TK/OR/71-SEPRL-infected chickens seroconverted to high titers. In marked contrast, none of the uninoculated birds housed with the TK/OR/71-delNS1-infected chickens seroconverted (Table 5) . This difference was highly statistically significant (P ϭ 0.0004).
Sensitivity of TK/OR/71-SEPRL and TK/OR/71-delNS1 to the action of IFN. One possible explanation for the reduced pathogenesis observed in chickens infected with TK/OR/71-delNS1 relative to that expressed by TK/OR/71-SEPRL is that the former virus is more sensitive to the action of IFN than is the latter virus. To test this possibility, the survival of infectious virus, measured as PFP, for each virus was determined in monolayers of primary CEK cells as a function of the IFN dose. Figure 4 shows the survival curves generated under these conditions: they are considered experimentally indistinguishable. The initial exponential loss of PFP activity reveals that about 60% of the population of both viruses is equally and highly sensitive to the action of IFN at low doses (Յ2 IFN U/ml). The slope of the survival curve is comparable to that observed for VSV, which was used as a standard because of its high sensitivity to IFN action (46) . The slope of the PFP survival curve at higher IFN doses (Ϸ2 to 20 U/ml) shows that about 15% of the virus in both populations is Ϸ30 times more resistant to the action of the ChIFN-␣ than the majority population. At doses of Ͼ20 U/ml, about 25% of the AIV populations was over 100 times more resistant to IFN action. The nature of this "resistant" fraction was not determined, but in comparable studies with an HPAI (H5N2) strain, the resistance was transient in nature and was shown to regain sensitivity in the next round of gene packaging (45) . Since these experiments were carried out in cells that did not respond well to inducers of IFN (Fig. 3) , the contribution of endogenously induced (autocrine) IFN was nil, and the observed survival curves represent a true measure of the IFN dose. Similar results were obtained using PFP yield reduction assays on trypsin-treated CEC (data not shown).
DISCUSSION
Mutations, truncations, or deletions of the NS gene in type A influenza viruses that lead to the synthesis of aberrant NS1 protein, or its absence, have been shown to enhance the IFNinducing capacity of the virus both in vitro (7, 11, 27, 58) and in vivo (9) . Viruses altered in this manner replicate poorly and display attenuated pathogenesis in mice (7, 9) and swine (49) . Data presented here provide evidence that the NS1 protein and its regulation of the IFN-inducing capacity of avian influenza virus (10, 21, 27 ) play a comparable role in chickens. Both TK/OR/71-SEPRL and TK/OR/71-delNS1 are genetically related LP type A avian influenza viruses that caused no clinical signs of disease in 4-week-old birds. However, TK/OR/71-SEPRL, a suppressor of IFN induction and itself a weak inducer of IFN (Ϸ400 U/10 7 cells), was shed and transmitted more efficiently from infected birds and produced more severe pathological lesions in both 4-week-old chickens and 1-day-old chicks than did TK/OR/71-delNS1, a strong inducer of IFN (Ϸ9,000 U/10 7 cells) in developmentally aged chicken cells (27) .
Chicken kidney embryo cells were relatively nonresponsive to the induction of IFN compared to aged CEC in vitro (Fig.  3 ) and supported plaque formation from both variants of TK/ OR/71 in the absence of the trypsin required to produce plaques in CEC (Fig. 4) . From these attributes, we infer that the CEK cells express a protease that cleaves the hemagglutinin protein of AIV and produces virions that can sustain plaque formation in these permissive host cells. In this context, quantification of infectious AIV in kidneys from 1-day-old chicks 3 days after intravenous inoculation may serve as a rapid means of assessing the pathogenesis of AIV.
Survival curves of AIV PFP on CEK cells generated as a function of the IFN dose demonstrate that both TK/OR/71-SEPRL and TK/OR/71-delNS1 are equally sensitive to the action of IFN (Fig. 4) . AIV yield reduction assays also showed that the two variants were similarly sensitive to IFN action but did not produce a triphasic curve (data not shown). Thus, the variant that induces the most IFN results in the amelioration of pathogenesis. The IFN induced by that virus, TK/OR/71-delNS1, would result in the development of a latent antiviral state occurring with the highest probability in adjacent host cells. That latent antiviral state would become activated upon the exposure of cells to newly synthesized AIV doublestranded RNA (dsRNA) (26) or virus containing or producing dsRNA upon introduction into the cell (27) . The effectiveness of free dsRNA is likely to be low because of the coinduction and secretion along with IFN of a double-stranded RNase (dsRNase) from chicken cells (34) . Internalized particles of AIV that activate the latent antiviral state need not be infectious, and the 20-fold excess of noninfectious IFN-inducing particles (IFP) in TK/OR/71-delNS1 populations (27) means that there is a large number of virus particles released from infected cells that can both induce an antiviral state and acti- vate it in cells surrounding the original focus of infection. These IFP may play a significant role in the extent of pathogenesis expressed in chickens infected by AIV. In the case of a strong IFN inducer like TK/OR/71-delNS1, virus replication would be compromised, and virus shedding would be reduced or eliminated, resulting in an ameliorated disease state. In contrast, the large excess of IFN induction-suppressing particles (ISP) present in populations of TK/OR/71-SEPRL (27) would suppress IFN production in surrounding cells, favor replication of the virus, and enhance pathogenesis, as was observed.
The histopathological and immunohistochemical data support this view and show that although the main sites of replication for TK/OR/71-SEPRL and TK/OR/71-delNS 1 were similar, the histopathologies and abundances of antigen for the two viruses differed markedly (Fig. 2) : TK/OR/71-SEPRL, which displays an ISP phenotype (27) , caused moderate to severe tissue damage and produced abundant antigen at the sites of infection (Fig. 2) , while TK/OR/71-delNS1, which displays an IFP phenotype (27) , had little or no effect on tissues and rarely produced detectable levels of antigen (Fig. 2) . Since TK/OR/71-SEPRL (ISP) and TK/OR/71-delNS1 (IFP) grew to equivalent titers in 10-day-old embryonated eggs and in trypsin-treated young primary CECs and Vero and MDCK cells (data not shown), it appears that in cells compromised for IFN-producing capacity, TK/OR/71-delNS1 is as infectious as TK/OR/71-SEPRL, as was reported previously for other strains of type A influenza virus (8, 11) . Furthermore, the titer of TK/OR/71-delNS1 is Ͼ10-fold less when grown in 14-dayold embryonated eggs (A. N. Cauthen and D. L. Suarez, unpublished observation), consistent with the enhanced expression of the IFN system as the chicken embryo develops (44) and the enhanced replication of AIV compromised in its expression of the NS1 gene in younger embryonated eggs (55, 60) .
Since stocks of TK/OR/71 are produced in eggs, the fusogenic peptide is activated and hence is not rate limiting in the infectious process (22) . Consequently, the reduced ability of TK/OR/71-delNS1 to initially infect cells is not likely to be the cause of the reduced pathogenesis of the virus in chickens. It seems more likely that the large excess of IFN-inducing particles that make up the TK/OR/71-delNS1 population induces high levels of IFN, which in turn induces an antiviral state in cells surrounding the initial site of infection, thereby compromising the yield of virus and further transmission of this IFNsensitive virus. Another mechanism may also contribute to reduced yields of virus. Type I interferons were previously shown to be essential to initiate apoptotic death in virus-infected mammalian cells (56) . In this context, the combined sequential addition of IFN to cells followed by exposure to dsRNA hours later exacerbates cell killing (50) and reduces virus replication in chicken cells (30) by activating apoptosis (31a), a demonstrated mode of cell killing by AIV (15, 54) . This condition is likely to prevail during infection of chickens with a virus capable of inducing high levels of IFN and containing large numbers of IFP. Consider the following: IFN is detectable within a few hours after infection of chicken cells with TK/OR/71-delNS1, and by 10 h postinfection, the cells surrounding the originally infected cell are bathed in high concentrations of IFN (27) . The latent antiviral state induced under these conditions, and the sensitization of cells by IFN to a Samples were considered positive if the HI titer was Ն8. b Geometric mean (geo mean) was determined as previously described (4a). A t test was performed using two-sample equal variance with two-tailed distribution comparing HI titers from TK/OR/71-SEPRL-and TK/OR/71-delNS1-infected birds or comparing the HI titers from the uninocultated cage mates housed with either TK/OR/71-SEPRL-or TK/OR/71-delNS1-infected birds.
c P ϭ 0.06 and is not significant at the level of P ϭ 0.05. d P ϭ 0.0004 and is significant at the level of P ϭ 0.05 e Birds were swabbed every 3 days from 3 to 28 dpi. Data shown were obtained through 15 dpi, when the last positive swab was recorded.
apoptosis mediated in part by dsRNA, would be activated upon exposure to AIV dsRNA released during infection (26) or in the form of the large excess of IFP produced by TK/OR/ 71-delNS1 (27) . These IFP and any AIV dsRNA released by the disintegrating infected cell (26) should be a rich source of dsRNA, an otherwise rate-limiting reactant to which the chicken cell is exquisitely responsive (27, 28, 32) . In contrast, TK/OR/71-SEPRL induces low amounts of IFN during infection, and its 20-fold excess of noninfectious ISP/PFP would be expected to prevent IFN induction in any cell that is otherwise competent to produce IFN (27) . For these reasons, and extrapolating from data acquired in vitro, differences observed between TK/OR/71-SEPRL and TK/OR/71-delNS1 in the animal experiments are best accounted for by an IFN-mediated reduction in virus replication rather than a diminished dissemination of the virus in the host per se. Studies planned for the direct measurement of IFN levels in serum would clarify this point. Although either mechanism would result in reduced virus shedding and inefficient viral transmission to a new host, it seems unlikely that the NS1 protein would affect the physical release of the virus from the infected cell or cell tropism since those functions have been attributed to the neuraminidase and hemagglutinin proteins, respectively (22) .
The C-terminal domain of NS1 from TK/OR/71-SEPRL, like other AIVs, binds CPSF30, a cellular factor required for the 3Ј-end processing of cellular pre-mRNAs (10, 21, 36, 58) . Thus, any IFN mRNA induced/transcribed during infection would not be translated, thereby effectively blocking the production of IFN and its activation of any IFN action pathway. In contrast, the C terminus of TK/OR/71-delNS1 is missing, and CPSF30 is free to properly process cellular pre-mRNAs, like that encoding IFN, setting IFN-mediated antiviral pathways and the observed amelioration of pathogenesis in chickens infected with this variant into motion. Interestingly, the dsRNA binding region of the TK/OR/71-delNS1 variant remains intact and hence might be expected to prevent IFN induction by sequestering viral dsRNA. However, the threshold for inducing IFN in chicken cells is exquisitely low, one molecule per cell (28) , an amount of dsRNA that might easily escape sequestration. The induction, production, and action of IFN allowed by the TK/OR/71-delNS1 variant are thought to be responsible for the observed decreased levels of progeny virus and NP antigen and the subsequent minimal damage of tissue.
Since both variants of TK/OR/71 AIV are equally sensitive to the action of IFN, the C-terminal portion of the NS1 protein does not contribute any more, or less, protection against the antiviral effects of IFN-␣. This points again to the enhanced induction of IFN by TK/OR/71-delNS1 and its action in the host as the primary underlying difference between the pathologies of these two genetically closely related viruses. This view is in accord with the observations of studies carried out with mice in which the IFN-inducing capacity of the attenuated AIV strains expressing aberrant NS1 was elevated and viral pathogenesis was attenuated (7, 9) . Studies of swine gave comparable results (49) .
Although the specific mechanism of the antiviral action of ChIFN-␣ was not addressed, evidence for two reactants in IFN action pathways that were demonstrable in mammalian cells has been documented in chicken cells: the 2Ј,5Ј-oligoadenylate synthetase (2) and the double-stranded RNA-dependent protein kinase (PKR) pathway (29, 32) . The Mx system, which was shown to be important in mammalian cells, may be operative in chickens but only infrequently, being restricted to those few birds that have a unique amino acid change in the Mx protein (20) . Two other reactants that avian cells produce following virus infection may also contribute to the reduction of virus shedding in AIV-infected chickens: ChIFN-␥ (6, 61), with its capacity to act synergistically with ChIFN-␣ (46), and a secreted dsRNase unique to avian species and coinduced with IFN (34) . In the case of ChIFN-␥, the synergistic action of the two types of ChIFN can enhance the antiviral state up to 10-fold over the action of either IFN acting alone, even at levels of IFN in the 1-U/ml range (46) . In addition, the combined action of the two IFNs accelerates the rate at which nitric oxide is produced from chicken macrophages and the maximal levels reached (46) . The dsRNA-induced and secreted dsRNase that is unique to avian species have been observed in the sera of chickens (I. C. Tomazos, L. Van Der Heide, and P. I. Marcus, unpublished observations). It is not known what role, if any, the endoribonuclease plays as a defense mechanism against avian viruses like AIV. However, we note that viral dsRNA in medium bathing AIV-infected cells has been reported (26) and that the degradation of viral dsRNA with serum dsRNase may represent a cellular mechanism to regulate the induction of IFN, a potent biological response modifier.
Other avian influenza viruses that encode full-length NS1 genes [A/chicken/Pennsylvania/13690/93 (H5N2) and A/chicken/ Alabama/75 (H4N8)] were shown to be sensitive to ChIFN-␣ action in primary CEC, as was WSN, a human-derived nonavian laboratory strain (data not shown), along with TK/ONT/ 7732/66 (H5N9) in plaque reduction assays (45) . Thus, TK/ OR/71-SEPRL and TK/OR/71-delNS1 do not appear to be unique in their sensitivity to ChIFN-␣.
These data indicate that the regulation of the IFN-inducing capacity, i.e., the expression of the IFP/ISP (ifp/isp) phenotypes by the NS1 protein, contributes significantly to the pathogenesis and natural chicken-to-chicken transmission of virus in otherwise LP avian influenza viruses. Since ChIFN-␣ functions as an immunostimulant/adjuvant in chickens when delivered perorally to the oromucosal region (27a), it may be appropriate to determine the ifp/isp phenotypes of viruses used in live attenuated or inactivated whole virus vaccines. The ifp/isp phenotype may aid in predicting the efficacy of the virus as a vaccine. As others have noted previously, the NS gene may be a good target for manipulation to develop live vaccines (9, 55) or antivirals (58) for avian influenza virus, with its primary advantage of the activation of the IFN system through the induction of IFN as was shown in mammals and now in chickens.
